Introduction
In the last decade, the concept of energy scalability of femtosecond laser oscillators was actively developing and become now well-established. Realization of this concept allowed a high-energy and high-power femtosecond pulse generation directly from both fiber and solid-state oscillators [1] [2] [3] . The pulse energy scalability is based on a capacity of chirped pulses to accumulate energy at the cost of chirp growth without a loss of stability and a spectrum narrowing. This phenomenon, called "dissipative soliton resonance" [4] , was predicted on the basis of the "master diagram" representation of chirped-pulse parametric space [5] .
As some recent achievements on the road of femtosecond pulse energy scalability, one can point at generation of 20 nJ pulses (compressible down to 200 fs) from an all-fiber-laser operating at 7 MHz pulse repetition rate [6] ; 30 nJ pulses (compressible down to 80 fs) [7] and 280 nJ [8] pulses from fiber lasers with a free-space sector operating at 70 and 1.2 MHz repetition rates, respectively; 0.9 J pulses (compressible down to 90 fs) from a 76 MHz largemode-area fiber laser [9] ; 0.5 J (compressible down to 30 fs) [10] and 1.1 J (compressible down to 74 fs) [11] pulses from Ti:Sa solid-state oscillators operating at 2 and 1 MHz repetition rates, respectively; and, at least, 0.75 J pulses (compressible down to 190 fs) from a 40 MHz thin-disk Yb:YAG oscillator [12] .
Such and quite reachable higher pulse powers would allow bringing the high-field physics on tabletop scales of a mid-level university lab. High energy pulses at MHz repetition rates are required for various applications (e.g. coherent high harmonics and ultra-broad frequency comb supercontinuum generation, lithography and modification of transparent materials, seeding parametric amplifiers, ultra-sensitive spectroscopy, etc.) need a further pulse energy scaling up to mJ level. Therefore, an understanding of fundamental limits of the energy scalability is a critical issue for further development of all-normal (chirped pulse) oscillators.
Concept of the pulse energy scalability
Evident constraints on the pulse energy scalability are imposed by instabilities due to both dissipative and nondissipative nonlinearities in a laser. This means that a pulse peak power has to be kept below some critical value. Such a confinement can be provided by dissipative factors in a laser: saturation of self-amplitude modulation (SAM) for a soft-aperture Kerr-lens mode locking or mode-locking due to nonlinear polarization evolution (with the corresponding inverse power of saturation ), as well as spectral dissipation provided by perfectly saturable absorber (with the squared inverse bandwidth of a spectral filter ). The energy scaling can be then provided by only pulse stretching. If is the parameter limiting the pulse peak power, then one has an approximated energy scaling law √ | | ⁄ for a chirp-free soliton from the soliton area theorem. Here is a net-group-delay dispersion (GDD) coefficient and is the net-self-amplitude (SPM) modulation coefficient for a defined laser setup. Such an energy scaling causes a growth of the pulse duration and squeezing of its spectrum √| | ⁄ , which can be compensated by only nonlinear external pulse broadening and subsequent compression. A chirped pulse provides an alternative mechanism of energy scaling due to pulse stretching ( Fig. 1, right ; black solid line) caused by chirp ( ): [2, 3] . Such a pulse with a linear chirp can be easily compressed outside a resonator. The spectrum width in this case tends to some constant value √ ⁄ defined by only spectral filter/gain bandwidth so that the pulse duration after linear compression √ . The phenomenon of perfect energy scalability was called a "dissipative soliton resonance" (DSR) [4] and corresponds to the asymptotic ⁄ ( √ √ ⁄ ) , which can be obtained from the adiabatic theory of chirped dissipative soliton [5] (see Fig. 1, left; power of the nonlinear loss saturation in a laser, ⁄ ). It is obvious, that an existence of such asymptotic provides perfect energy scalability by laser cavity lengthening or pump power scaling, for instance.
The reality is more tangled: noise and stimulated Raman scattering impede pulse energy scalability
A well-established testbed for study of mode-locked lasers is the cubic-quintic nonlinear complex Ginzburg-Landau equation [14] :
where ( ) is a slowly varying amplitude of the laser field depending on a propagation distance , which is periodical so that ( is a laser cavity round-trip number, is a length of a ring cavity or doubled length of a linear cavity), is a the local time, is the energy-dependent saturated net-loss coefficient). For the first time to our knowledge, a complex quantum noise term ( ) and a stimulated Raman scattering (SRS) in its full form are included in Eq. (1). The noise correlation properties are defined by 〈 ( ) ( )〉 ( ) ( ). The parameter defines a fraction of SRS in SPM, and the Raman response function is defined as ( ) ⁄ ( ) [15] .
Black solid curves in Fig. 1 demonstrate the pulse stability threshold, or a master diagram (left) and the normalized pulse duration in dependence on the normalized energy in the absence of noise ( ). Horizontal asymptotic of the threshold for √ √ ⁄ (left), as well as the power law scaling of the pulse duration (right) demonstrate the DSR, i.e. a perfect scalability of the pulse, in agreement with the adiabatic theory of the chirped dissipative soliton [5] . Blue reference point in Fig. 1 , left, corresponds to a real-world fiber laser configuration with the parameters like those in [13] .
In the presence of noise ( ⁄ if is normalized to ), the DSR disappears (dashed red curve in Fig. 1,  left) . This means that a decrease of the control parameter ⁄ is required to stabilize the pulse at higher energies. In other words, one has to increase i) GDD or/and ii) self-amplitude modulation or/and iii) spectral filter bandwidth, or/and to reduce SPM. As a result of the -decrease along the stability border, the pulse becomes longer in the presence of noise (dashed red curve in Fig. 1, right) . The most critical manifestation of the noise influence is that a stable pulse generation becomes impossible at all, if the parameter √ √ ⁄ exceeds some critical value. Above this value, only strongly chaotic regimes exist.
For a high-energy mode-locked fiber laser, where the SRS plays an important role [6] , the issue of the stability loss is aggravated. Since the SRS causes the spectrum red-shift, the spectral loss increases, reducing the pulse energy and, as a consequence, the gain saturation. As a result, the net-loss coefficient in Eq. (1) becomes negative and multiple pulse generation develops. Hence, the pulse stabilization requires a further decrease of theparameter. The pulse stabilized in this way represents a new type of a dissipative soliton, notably a chirped dissipative Raman soliton (CDRS) (Fig. 2) . Such a CDRS has a red-shifted spectrum ( for the pulse in Fig. 2 ) with a strongly perturbed leading edge. As a result of this perturbation, the peak power of a self-sustained CDRS evolves chaotically with preservation of mean soliton characteristics. A further decrease of the -parameter (e.g., by increasing the GDD) stabilizes the pulse and reduces its spectral shift so that a CDRS becomes a usual chirped dissipative soliton having narrower spectrum and consequently increased pulse duration.
Conclusion
Energy scalability of femtosecond laser oscillators is a sensitive issue of modern laser technology. The phenomenon of the DSR promised perfect energy scalability via the pump or resonator length scaling. Nevertheless, our analysis based on the nonlinear complex Ginzburg-Landau equation demonstrates that the DSR disappears in the presence of quantum noise and SRS so that an essential adjustment of laser parameters is required for the pulse stabilization. Unfortunately, even such an adjustment does not allow further scaling if the energy exceeds some critical value. Only strongly chaotic regimes exist above this critical energy. If the SRS contributes to the laser dynamics, as it takes place in a fiber laser, a tendency to multiple pulsing intensifies due to higher spectral dissipation. To suppress multipulsing, a higher GDD is necessary that narrows the spectrum and stretches the pulse. A new type of dissipative soliton appears in the vicinity of the stability border, namely a chirped dissipative Raman soliton. It has a red-shifted spectrum and a chaotically evolved peak power. One should think that further progress in generating high-energy femtocecond pulses in laser oscillators will require a modification of basic paradigms exploited so far.
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